Biomedical platforms constructed by immobilizing membrane proteins in matrices made of synthetic organic polymers is a challenge since the structure and function of these proteins are affected by environmental conditions. In this work an operative composite that regulates the diffusion of alkali ions has been prepared by functionalizing a supporting matrix made of poly(N-methylpyrrole) (PNMPy) with a β-barrel membrane protein (Omp2a) that forms channels and pores. The protein has been unequivocally identified in the composite and its structure has been shown to remain unaltered. The PNMPy-Omp2a platform fulfills properties typically associated to functional biointerfaces with biomedical applications (e.g. biocompatibility, biodegrabadility and hydrophilicity). The functionality of the immobilized protein has been examined by studying the passive ion transport response in presence of electrolytic solutions with Na + and K + concentrations close to those found in blood. Although the behavior of PNMPy and PNMPy-Omp2a is very similar for solutions with very low concentration, the resistance of the latter decreases drastically when the concentration of ions increases to ∼100 mM. This reduction reflects an enhanced ion exchange between the biocomposite and the electrolytic medium, which is not observed in PNMPy, evidencing that PNMPy-Omp2a is particularly well suited to prepare bio-inspired channels and smart biosensors.
INTRODUCTION
The development of hybrid surfaces made of synthetic polymers and biomolecules for biomedical applications has the potential to revolutionize the treatment of a wide variety of medical conditions. Due to their excellent electrochemical, chemical and optical properties 1-3 conjugated conducting polymers (CPs) are promising candidates for biomolecule immobilization and subsequent formation of one-and two-dimensional composites for biomedical devices (e.g. biosensors, electrochemical actuators, substrates for tissue engineering and nanowires).
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On the other hand, biological membranes (lipid bilayers) are unique natural interfaces with exceptional solute transport selectivity and permeability properties, which are mainly due to the embedded membrane proteins (MPs). MPs participate in various cellular processes, such as signaling biochemical cascades, cell-to-cell communication, membrane fusion and ion transport. 11, 12 MPs play a central role in controlling a wide array of gradients such as chemical, electrical, and mechanical gradients and are responsible for cell structure during key events such as cellular division. Furthermore, many signal-transduction processes between cells, such as neurons and muscle tissue, rely on the gating of ion channels (passive transport) and pumps (active transport), which allow the flow of ions across the biomembrane. In these processes, MPs act as channels that move specific molecules and ions into and out of the membrane, and their function is triggered by ligand binding or changes in the transmembrane potential. 13 Considering that folding processes in MPs of lipid bilayers represent an important challenge in structural biology, 14, 15 it is not surprising that the proper immobilization of purified MPs in platforms for biomedical applications, as for example micro-and nanoarrays, results in a very difficult task. Thus, drastic changes in natural environmental conditions affect MPs structure, influencing their activity. 16 In addition to that, the complex nature of proteins, as well as their insolubility in aqueous solutions, and instability in the presence of detergents strongly complicate the fabrication of proteinintegrated devices based on MPs. Despite these limitations and following biomimicking approaches, some advances have been reported using polymers as soft substrates, [17] [18] [19] [20] [21] [22] [23] [24] [25] even though only a few of them involved CPs. 24, 25 In a recent study, Arun and Narayan 26 anchored bacteriorhodopsin, a MP that functions as a light-driven proton pump, onto conducting surfaces of poly(3,4-ethylenedioxythiophene) (PEDOT) and polyaniline (PAni). More recently, Della Pia et al. 25 used electropolymerization and amphipatic polymers to functionalize micro-and nano-surfaces with MPs. More specifically, these authors used gold surfaces selectively modified by electrogeneration of polypyrrole (PPy) in the presence of biotin, and the strong affinity of biotin for avidin was exploited to immobilize streptavidin proteins. 25 These hybrid platforms were proposed to be particularly suited to fabricate specific antibody bionanosensors.
Because of these recent advances, composites combining CPs and MPs are expected to be functional materials with advanced properties and applications.
In this work, a CP-MP nanocomposite with regulated channeling activity has been prepared and characterized. The trimeric outer MP Omp2a from Brucella melitensis 26 has been selected for this purpose. This β-barrel protein forms pores that allow the diffusion not only of ions but also of molecules as large as 667 Da (e.g. nutrients and antibiotics). Indeed, pores are larger in Omp2a than in its homologue Omp2b (85% sequence identity and both encoded in the same genetic locus). 27 Although the function of Omp2a is still poorly understood at the structural level, as the 3D structure of Brucella β-barrel MPs is not known yet, very recent refolding studies suggested that Omp2a first refolds under a monomeric form and then self-associates into a trimeric state. 28, 29 On the other hand, poly(N-methylpyrrole) (PNMPy) is the CP chosen to act as the supporting matrix for Omp2a. This PPy derivative displays a compact structure 30 and relatively infrequent formation of chemical cross-links when prepared under controlled conditions. 31 PNMPy has been successfully used in different biomedical and biotechnological applications, as for example the detection of glucose, [32] neurotransmitters 6 and opioids. 33 Herein, we describe the procedure to successfully prepare PNMPy-supported MP composites, and the characterization of their surface, electrochemical and biomedical related properties. Subsequently, we demonstrate the potential of this new material to be used as electroactive stable synthetic membranes with enhanced ion permeability for biomedical applications by means of electrochemical impedance spectroscopy (EIS), and using different electrolytic solutions with K + and Na + concentrations similar to those found in blood. The observed passive ion transport properties indicate that PNMPy-Omp2a system is well suited for the preparation of smart bio-inspired interfaces. Specifically, the ionic transport exerted by PNMPy-Omp2a has wide potential applications in nanofluidics, energy conversion and biosensors.
METHODS
Experimental procedures related with the expression and purification of the trimeric Omp2a outer membrane protein from Brucella Melitensis, the refolding of this protein, the synthesis of PNMPy and PNMPy-Omp2a films and some of the measurements, as for example thickness, cyclic voltammetry (CV), circular dichorism (CD), spectroscopic, X-ray photoelectron spectroscopy (XPS), UV-vis spectroscopy, scanning electron microscopy (SEM) and atomic force microscopy (AFM), are described in the Electronic Supporting Information.
Wettability. Contact angle measurements were carried out using the water drop method. Images of 0.5 µL distillated water drops were recorded after stabilization with the equipment OCA 15EC (DataPhysics Instruments GmbH, Filderstadt). The software SCA20 was used to analyze the images and determine the contact angle value, which was obtained as the average of at least six independent measures for each sample.
Enzymatic degradation. PNMPy-Omp2a films were immersed in 1 mL of phosphate buffered saline solution (PBS) supplemented with 0.1 mg mL -1 of sodium azide (which allowed us to prevent contamination) and 50 µg mL -1 of Lipase F-AP15 to examine the enzymatic degradation of the protein. Incubation took place at 37ºC in a shaking incubator set at 100 rpm. Samples were analyzed after 1, 4, 8, 24, 48 and 72 hours.
After each immersion time, samples were removed from the solution and gently washed with distillated water. Then, samples were dried under vacuum for several days at room temperature before being observed by SEM.
Cellular adhesion. Vero cells (African green monkey kidney epithelial cell line) and
Cos-7 cells (African green monkey kidney fibroblast cell line) were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin and 2 mM L-glutamine at 37ºC in a humidified atmosphere of 5% CO 2 in air. The cultured medium was changed every two days and, for sub-culture, cell monolayers were rinsed with phosphate buffered saline (PBS) and detached by incubation with 0.25% trysin/EDTA for 5 min at 37ºC. Cell concentration was determined by counting at the Neubauer camera using 4% trypan blue as dye vital.
The detached cells with viability ≥ 95% were used for cultures following the conditions for the adhesion assays.
PNMPy-Omp2a and PNMPy films deposited onto steel AISI 316 sheets of 1 cm Results were derived from the average of four replicates (n= 4) for each independent experiment. ANOVA and Turkey tests were performed to determine the statistical significance, which was considered at a confidence level of 95% (p < 0.05).
Electrochemical impedance spectroscopy (EIS).
Spectra were taken at open circuit potential (OCP) over the frequency range 10 kHz -10 mHz with a potential amplitude of 0.05 V using an AUTOLAB-302N potentiostat/galvanostat. Typical potassium and sodium blood concentrations vary from 3.5 to 5.2 mM and 135 to 145 mM, respectively. Besides, K + is at a higher concentration in intracellular regions than outside the membrane by two orders of magnitude, whereas the opposite is true for Na + or Cl -ions. Therefore, EIS spectra were collected using different aqueous electrolyte mediums at low and high ionic concentrations for KCl (5 and 100 mM) and NaCl (5 and 140 mM).
RESULTS AND DISCUSSION

Synthesis and characterization of PNMPy-Omp2a
The Omp2a protein was expressed, purified and refolded using the procedure respectively. 34, 39 The ratio 1.0/(6.9+1.0) = 0.13 represents the fraction of charged nitrogen, which can be associated to the doping level of the electropolymerized material (Supporting Information). In contrast, PNMPy-Omp2a presents a single peak at 399.5 eV due to the overlapping of the binding energies associated to the C-N bond of NMPy units and the N-C=O (amide) of the protein, the latter being also around 400 eV. 37, 40 The annihilation of the peak associated to the charged nitrogen atom indicates that the doping level of the CP in the composite is lower than in the control, which is fully consistent with the low polymerization charge registered for the composite during the electrogeneration process. Furthermore, the absence of a peak at around 401.5 eV reflects that the amount of positively charged residues in Omp2a is very low. 37, 38 Thus, Arg and Lys are essentially present in the composite as uncharged species, photoemitting at the same region that amides in high resolution N1s spectra.
The high resolution O1s spectra of both control PNMPy (Supporting Information) and PNMPy-Omp2a samples show three peaks. Those of PNMPy have been attributed to the sulphate groups of SDS (531.6 eV), the C=O of oxidized NMPy units (533.7 eV) and the metallic oxides on the steel substrate (529.1 eV). The C/O 531.6 and N/O 531.6 composition ratios, where C and N refer to the total compositions displayed in Table 1 and O 531.6 corresponds to the relative contribution to the total atomic O percent composition of the peak at 531.6 eV (Supporting Information), are 4.3 and 0.5, respectively. For PNMPy-Omp2a, the peaks detected in the high resolution O1s spectra appear at 531.3, 535.4 and 530.0 eV. The first one involves not only the sulfate groups of SDS but also the C=O from the peptide bond. 37, 38 Accordingly, the C/O 531.3 and N/O 531.3 ratios are 1.8 and 0.1, respectively, which are lower than in control PNMPy.
The peak at 535.4 eV has been attributed to the water oxygen from moisture of the samples, 41, 42 while the peak at 530.0 eV corresponds to metallic oxides at the substrate surface. Table S1 ) and Phe (18 residues in Table S1 ) residues, respectively. 43 The absorbance of the disulfide bond formed by the two Cys residues (Table S1 ) at 260 nm also contributes to the latter shoulder. All these peaks appear as shoulders in the spectrum of PNMPy-Omp2a suspension. Protein absorbance was zero above 310 nm.
Figure 2. UV-vis spectra for as obtained Omp2a (black), dialyzed Omp2a (blue), the Omp2a-containing polymerization medium (red) and a PNMPy-Omp2a suspension (green).
Although XPS and UV-vis results confirm the correct immobilization of Omp2a into the PNMPy matrix during the electrogeneration process, the native structure of the protein in the PNMPy-Omp2a composite was successfully corroborated by circular dichroism (CD) spectroscopy. Figure 3 compares the CD spectra for the expressed protein as obtained, after dialysis, and once incorporated into the NMPy-containing polymerization medium (Supporting Information). As it can be seen, in all cases the profile exhibits a band at ∼217 nm, which is typically found in β-stranded proteins. 44 This characteristic band is preserved in the CD spectra of the composite (Figure 3d ), evidencing that the native β-sheet secondary structure is preserved when the poreforming protein is immobilized into the polymeric matrix. Therefore, the operative and functional state of the PNMPy-Omp2a interface is ensured by having the MP Omp2a in its folded and/or assembled form. On the other hand, the UV-vis absorption spectra of steel-supported control PNMPy and PNMPy-Omp2a films (Figure 4 ) indicate that the protein affects the oxidation process of the CP during the electrochemical polymerization, as it has already been mentioned. The first absorption band corresponds to the π-π * transition of aromatic rings (λ max = 338 and 377 nm for PNMPy and PNMPy-Omp2a, respectively). The band gap energy, which was determined from the onset wavelength, 45 is 2.44 and 2.30 eV for
PNMPy and PNMPy-Omp2a, respectively. The second absorption band is related to the first stages of the oxidation process and has been assigned to the formation of polarons.
This band is clearly defined for PNMPy at λ max = 567 nm, whereas for PNMPy-Omp2a samples this oxidation process is only identified as weak shoulder at ∼565 nm in the UV-vis spectrum. This feature is fully consistent with XPS results, which suggested that 
the doping level of the composite was lower than that of PNMPy. No absorption band in the range of 650-700 nm, which is typically assigned to very high oxidation levels (bipolaric states), 36 is displayed by either of these two systems. Overall, morphological and topographical observations reveal that Omp2a proteins are well-distributed throughout the PNMPy-OMP2a composite surface, thus establishing pore structures. Although the PNMPy phase is characterized by a dense and compact matrix, MP functionality is expected to enhance the passive ion transport across the artificial membrane creating permanent ion channels.
Furthermore, contact angle measurements indicate that the surface of both steel (θ= 74º ± 7º) and PNMPy (θ= 67º ± 4º), while PNMPy-Omp2a water-wettability increases significantly upon the incorporation of the MP (θ= 32º ± 8º). This effect is noticeably more pronounced for PNMPy-Omp2a than for composites prepared using PNMPy and other proteins (Supporting Information), as for example bovine serum albumin (BSA).
This indicates that not only Omp2a is immobilized on the CP matrix, but it retains its
natural disposition where the protein hydrophilic regions are positioned towards the outer region of the membrane, just as in biological environments. Although the isoelectric point of BSA (4.7) is very similar to that of Omp2a (4.5), 46 the contact angle value for PNMPy-BSA films prepared under similar experimental conditions (θ= 54º ± 7º) represents a reduction of only 20 % with respect to PNMPy.
Electrochemical properties
Cyclic voltammetry studies were run to determine the influence of these new formed ion channels in the electrochemical properties of the PNMPy-Omp2a composite. Firstly, as occurred for the monomer (Supporting Information), the anodic process at around ∼1.1 V is less marked for PNMPy-Omp2a than for PNMPy (Figure 7) . The ability to exchange charge reversibly, hereafter denoted electroactivity, increases with the similarity between the anodic and cathodic areas of the first control voltammogram.
Thus, the electroactivity of PNMPy-Omp2a is 10% higher than that of PNMPy. This result, which is practically independent of the scan rate (Supporting Information), evidences the role played by the pore-forming protein in maintaining a flow of ions in and out of the CP matrix.
Besides, the electrochemically-induced reduction of the thickness has been used to evaluate the relative porosity (Por) of PNMPy-Omp2a and PNMPy systems. 
Biodegradability and biocompatibility
CP-based platforms for biotechnological and biomedical applications typically require biodegradability and/or biocompatibility to minimize their impact on the environment and/or the adverse reaction of the body. 47 Accordingly, bearing those requirements in mind, and before performing EIS measurements, both enzymatic degradation and cell viability tests have been conducted to validate the integratedprotein composite for biointerface applications. The overall of the results presented in this section indicates that PNMPy-Omp2a is a potential candidate for biotechnological and biomedical applications in which biocompatibility is a requisite.
Ion channels
EIS measurements have been carried out to evaluate the proper function of ion channels and pores formed by the MP in the PNMPy-Omp2a composite. [48] [49] [50] [51] [52] This methodology provides information not only of the ion transport a complete description of the investigated system, as was recently discussed in a comparative study. 53 Impedance was measured as a function of frequency for steel-supported PNMPy and PNMPy-Omp2a films. EIS spectra were registered using different aqueous electrolyte mediums: 5 and 100 mM KCl solutions and 5 and 140 mM NaCl solutions. It should be noted that Na + and K + are two main blood electrolytes, their normal blood levels being 135-145 and 3.5-5.2 mM, respectively. Moreover, the concentration of K + is two orders of magnitude higher in intracellular regions than outside the membrane while the opposite occurs for Na + .
Figures 11a-11e compare representative Nyquist plots obtained for PNMPy and PNMPy-Omp2a in different Na + -and/or K + -containing media. In all cases Nyquist spectra show a semicircle in the high frequency range and a straight ascending line in the low frequency range. The electrical equivalent circuit (EEC) used to fit the experimental data is shown in Figure 11f , where R S corresponds to the electrolyte solution resistance and R M represents the ability of the PNMPy-Omp2a system to impede ion transport at the interface between the electrolyte and the membrane. The ECC also includes double layer capacitances from both the membrane and steel (Q M and Q ST , respectively) and a Warburg impedance element (W), corresponding to the diffusion of water molecules. Therefore, both R M and Q M are associated to the overall contribution of the protein-integrated interface. It should be noted that the incorporation of ion channels through the immobilization of the MP is expected to alter the membrane resistance value, R M . Accordingly, channel activity can be monitored by comparing the membrane resistance of PNMPy and PNMPy-Omp2a in the different media. Table 2 lists the contribution of each element for PNMPy and PNMPy-Omp2a. Both capacitances were replaced by a constant phase element (CPE) that describes a nonideal capacitor when the phase angle is different from -90°. The CPE impedance is attributed to the surface reactivity, surface heterogeneity and roughness, which in turn are related to the electrode geometry and porosity. Also, the CPE impedance accounts for the non-uniform diffusion among the films adhered to the electrode surface. The CPE impedance, which has been expressed as
, represents an ideal capacitor and a pure resistor for n= 1 and n= 0, respectively, while it is associated with a diffusion process when n= 0.5. The fitting quality was judged based on the error percentage associated to each circuit component, showing errors lower than 5% in most of the elements. EIS results evidence that the pore-forming MP is properly immobilized in the PNMPy matrix, retaining the functionality associated to the β-barrel structure. More specifically, the response of PNMPy and PNMPy-Omp2 films is very similar for both 5 mM K + and the 5 mM Na + electrolytic media (Figures 11a and 11c, respectively) .
Accordingly, the R M values (Table 2) , which indicate the facility to exchange ions between the system and the electrolyte solution, are very similar for the control PNMPy and the MP-containing composite. Similarly, the ability to store electrical charge and the diffusion impedance of PNMPy, which are defined by Q M and W, respectively, are not significantly affected by the incorporation of the protein when the concentration of ions is low. In spite of this, the diffusion of hydrated Na + is slightly higher for the MPcomposite than for the CP, suggesting that Omp2a is more efficient for the transport of Na + than for K + .
In contrast, R M values are lower for PNMPy-Omp2a than for PNMPy in the 100 mM K + and 140 mM Na + solutions (Figures 11b and 11d) . Accordingly, PNMPyOmp2a promotes the passive ion transport in solutions with high ionic concentrations, thus the MP functionality is enhanced when the concentration of ions in the medium is high. EIS spectra recorded in a solution containing 5 mM K + and 140 mM Na + , which correspond to the concentrations of such ions in blood, evidence a similar behavior (Figure 11e) . Thus, the ion transport resistance of PNMPy (1037 Ω cm 2 ) decreases one order of magnitude when the MP is immobilized in the PNMPy-Omp2a composite (∼600 Ω cm 2 ), which activates the transport of ions.
Inspection of the Q M values obtained for the 100 mM K + and 140 mM Na + solutions
indicates that, as occurred for the solutions with lower concentrations of ions, the MP does not alter significantly the ability to store charge of the CP. Indeed, inspection of results displayed in Table 2 With this work, we have successfully produced a protein-integrated system which preserves the native structure and functionality of the MP. The combination of biological elements with synthetic materials is a challenging research field, which requires further understanding of interactions and compatibility between materials.
However, as a first step, PNMPy-Omp2a approach has resulted in a biointerface with proven passive ion transport. Interestingly, as Omp2a allows the passive transport of other molecules such as nutrients and antibiotics, PNMPy-Omp2a composite can also be exploited to design biohybrid materials with multifunctional artificial channels for bioapplications. Table 2 . Fitting parameters used to simulate the EIS spectra displayed in Figures 10a-10d using the electrical equivalent circuit represented in Figure 10f : R S (Ω cm 2 ), R M (Ω cm 2 ), Q M (F cm -2 s n-1 ), n, Q S (F cm -2 s n-1 ) and W (Ω cm 2 ). For PNMPy-Omp2a, the first and second values provided for each element correspond to the blue and green spectra, respectively. The error percentage associated to each circuit element is included in parenthesis. Fitting parameters used to simulate the EIS spectra displayed in Figure 11e are PNMPy-Omp2a behaves as a smart bio-inspired ion-channel, which has potential applications in different areas of the biomedical field, such as nanofluidics, energy conversion and biosensoring. Furthermore, changing the concentration of ions in the electrolyte solution regulates the activity of Omp2a nanochannels integrated in the PNMPy-Omp2a composite. This has been proved by examining the ion transport process using K + and Na + concentrations around those typically found in blood.
Furthermore, results suggest that that Omp2a is more efficient for the diffusion of Na + than for K + . In addition to the above mentioned applications, Omp2a immobilized onto PNMPy can be used to simulate the process of ions and small molecules transport in living organisms, enabling to investigate details of the chemistry, size and conformational states of β-barrel nanochannels. 
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